reported to be efficient corrosion inhibitors for steel in acid solutions. Natural polymers have been investigated as a better inhibitor as they possess long chain molecules and show high inhibition efficiency at lower concentrations in corrosive media [12] [13] [14] . Literature reported that the synergistic effect of halide ions with natural polymer is effective corrosion inhibitors for metals in aggressive media 15 . But the synergistic effect between natural polymers and metal cations (Zn 2+ and Ni 2+ ) towards the inhibition of corrosion is very limited.
Azadirachta indica gum (AI gum), a typical plant gum exudate is the salt of a complex polysaccharide acid 16 . It comprised of 35 % of proteinaceous materials and fatty acids. Thus, the complex structure of AI gum consisting of heteroatoms (N and O), suggests that it can be used as a potential material in several fields.
In the present work the corrosion inhibition of AI gum with metal cations (Zn 2+ and Ni 2+ ) has been investigated by gravimetric, potentiodynamic polarization and electrochemical impedance spectroscopic methods. Temperature (303-348 ± 1 K) and time (1, 2, 3, 4, 6 and 24 h) effect has also been studied and discussed in detail. Corrosion kinetic parameters and adsorption studies were carried out to find the nature of adsorption of the inhibitor on the metal surface. Further, Fourier transform infrared spectroscopy (FT-IR) was employed to examine the mode of inhibitor adsorption on the mild steel surface.
MATERIALS AND METHODS
The gum exudates of Azadirachta indica A. Juss. Meliaceae was collected locally and identified taxonomically and authenticated by the Botanical Survey of India (BSI), Coimbatore, Tamil Nadu, India. Zinc chloride and Nickel chloride used were analytical grade. Laboratory grade hydrochloric acid solution was used as an aggressive medium. All the solutions were prepared using double distilled water.
The mild steel of the composition 0.07 wt. % C, 0.008 wt. % P, 0.34 wt. % Mn, remaining iron (Fe) was used in the study. The metal specimens used for weight loss measurements were cut to obtain rectangular surfaces with dimensions of 25 x 10 x 1 mm with a hole drilled at the upper edge in order to hook it in the glass rod for immersion in the aggressive medium. Substantial layer of the specimen was removed by using various grades of abrasive papers and degreased by scrubbing with bleach-free scouring powder, followed by thorough rinsing in water and acetone.
The gravimetric experiments were carried out according to the ASTM practice standard G-31 17 . Before initiating the experiments, the pre-cleaned specimens were weighed on a balance using 0.1 mg precision. The weighed specimens were immersed in the corrosive medium with and without inhibitors for 1 hour. After the experiment, the specimens were removed from the corrosive medium and immersed in the clark solution for 40 seconds, rinsed with water, cleaned with acetone, dried in hot air and finally weighed. The mean of weight loss values of three identical specimens were used to calculate the corrosion rate and inhibition efficiency of the inhibitor. Corrosion rate and inhibition efficiency were calculated using the formulae given in equation (1) and (2) ... (1) where, W is the weight loss (g), 'ñ' the density of the mild steel specimen (g cm ×3 ), 'A' the area of specimen (cm 2 ) and t is the time of exposure (h).
... (2) where, W i and W o are the weight losses of mild steel in inhibited and uninhibited solution respectively.
The electrochemical experiments were performed using three-electrode cell assembly. The cell consisted of a platinum counter electrode and a saturated calomel electrode (SCE) as the reference electrode. The linear Tafel segments of the cathodic curves and the calculated anodic Tafel lines were extrapolated to the point of intersection to obtain the corrosion potential (E corr ) and corrosion current density (I corr ) 18 . The inhibition efficiency was evaluated from the measured I corr values using equation (3) ... (3) where, I°c orr is the corrosion current density without inhibitor and I corr is the corrosion current density with inhibitor.
The electrochemical impedance spectroscopic (EIS) measurements were carried out using AC signals of 10 mV amplitude over the frequency range of 10 KHz to 0.01 Hz. The electrode was immersed in the solution for half an hour before starting the impedance measurements. All the impedance data were automatically controlled by Z view software and the diagrams were given as Nyquist plots. The charge transfer resistance (R ct ) values were obtained from the diameter of the semicircles of the Nyquist plots. The inhibition efficiency of the inhibitor has been found out from the charge transfer resistance values according to the following equation (4) ... (4) where, R ct and R°c t are the charge transfer resistance with and without inhibitors respectively. To determine the interaction of inhibitors with the mild steel specimen, a Shimadzu FT-IR 8000 spectrophotometer is employed in the 4000-400 cm -1 region with KBr disc technique.
RESULTS AND DISCUSSION

Gravimetric measurements
The gravimetric measurements were carried out to calculate the corrosion rate and inhibition efficiency for the mild steel in 1 mol L Figure 1 (a) -(c) clearly shows that the decrease in inhibition efficiency with increase in temperature may be attributed to increase in the solubility of the protective films formed by the inhibitors 15 . In mixture A and B, the inhibition efficiency increase with increase in all the temperature range studied. The obtained inhibition efficiency at 348± 1 K for the mixture A and B are 88.4 % and 92.5 % respectively. From the results it is clear that the synergistic effect is more pronounced at elevated temperature than at lower temperature. Generally, increase in temperature changes the reaction rate. In the present study, not only the corroding rate of mild steel decreases but also the rate of synergistic effect between added metal cations and the AI gum increases. The results revealed that at high temperature synergistic effect predominates over dissolution of the mild steel. The increase in inhibition efficiency with increase in temperature is due to the specific interaction of mild steel surface with the inhibitors 19 . The increased inhibition efficiency with temperature was due to the change in the nature of adsorption mode, the inhibitor is being physically adsorbed at lower temperatures, while chemisorption is favored as temperature increases 20 . Thus, at high degree of surface coverage, the diffusion through the surface layer containing the inhibitor and corrosion products becomes the rate-determining step of the metal dissolution process 21 .
To determine the corrosion inhibition stability of optimum concentration of AI gum, mixture A and B, the variation of inhibition efficiency with various immersion periods (1, 2, 3, 4, 5, 6 and 24 h) in 1 mol L -1 HCl was studied at 303± 1 K. The calculated values of inhibition efficiency are given in Table 2 .
It is found that the inhibition efficiency increase with increase in immersion time period for mixture A and B and this may be attributed to the formation of an insoluble protective film on the surface of the mild steel 22 . The possible mechanism of inhibition action of an inhibitor is the adsorption of inhibitor onto the metal surface which blocks the metal surface and this do not permit the corrosion process to take place. Thus, the mixture A and B are proven to be a promising inhibitor that can be used even at higher temperatures and for longer immersion period.
Corrosion kinetic parameters
In an acidic solution the corrosion rate is related to temperature by Arrhenius equation ... (5) where, 'CR' is the corrosion rate determined from the weight loss measurement, E* a is the apparent activation energy, 'A' the Arrhenius constant, 'R' the molar gas constant and T is the absolute temperature. The apparent activation energy is determined from the slopes of log (CR) versus 1/ T plot (Figure 2, 3) and their values are given in Table 3 .
It is seen that E* a values obtained for AI gum . The decrease in at higher level of inhibition arises due to a shift of the net corrosion reaction from that on the uncovered surface to one involving the adsorbed sites directly 24, 25 .
The change of enthalpy (H*) and entropy (S*) for the corrosion process in 1 mol L -1 HCl in the presence of AI gum, metal cations and mixture A, B were obtained by the equation (6) ... (6) where, h is Planck ' s constant, 'N' the Avogadro's number, R is the universal gas constant, 'T' the absolute temperature. Figure 4 and 5 shows the plot of log (CR/ T) versus 1/ T, gives straight line with slope (-H*/ 2.303 R) and an intercept (log (R/ Nh) + S*/ 2.303 R), from which H* and S*are calculated and the values are included in Table 3 . The enthalpy change of AI gum and metal cations (individually) are greater than the plain acid correspond to physisorption 24 . But in the case of mixture A and B, the H* values are lower than the blank, again supports chemical mode of adsorption. We also noted that and values vary in the same way for all the systems studied. From the kinetic studies, the unimolecular reactions are characterized by following equation ... (7) The calculated values are too close to RT . This result shows that inhibitors acted equally on E* a and H*.
The positive values of S* for the inhibited systems containing 0.06 g L -1 AI gum and metal cations (individually) shows that an increase in disordering takes place on going from reactant to the activated complex 26 . The behavior of individual inhibitors in the corrosive medium can be explained by the fact that on adding AI gum and metal cations individually to the aggressive medium, the inhibitor molecules move freely in the bulk solution, this results in increase in disorderliness of the system. The negative values of S* for the mixture A and B imply that the activation complex in the rate determining step represents association meaning that a decrease in disordering takes place on going from reactants to the metal/solution interface 24 . This is the driving force for the adsorption of inhibitors onto the mild steel surface.
Synergism parameter
All the experimental results have suggested that the addition of metal cations to the AI gum increases the inhibition efficiency. The enhanced inhibition behavior is attributed to the synergism existing between the AI gum and metal cations. The extent of synergistic effect exhibited by the inhibitor mixture A and B has been analyzed by evaluating the synergism parameter (S 1 ) obtained from the gravimetric measurements 27 .
... (8) where Table 1 . Analysis of Table 1 reveals that the S 1 values are greater than unity suggesting the synergistic action of metal cations with AI gum. The observed synergistic effect exhibited by the inhibitor mixture A and B may be due to the co-adsorption of the AI gum and the metal cations on the mild steel surface in 1 mol L -1 HCl.
Adsorption considerations
It is very essential to define empirically which adsorption isotherm fits best to the surface coverage data in edict to calculate the thermodynamics parameters pertaining to inhibitor adsorption on the mild steel surface 28 . The adsorption provides information about the adsorbed molecules as well as their interaction with the metal surface. The surface coverage (¸) of the inhibitors at different concentrations is used to obtain the best adsorption isotherm. ¸ values have been calculated using the following relationship ... (9) Various adsorption isotherms like Langmuir, Freundlich, Temkin, El-Awady et al. were tested. The experimental data fit best for the Langmuir adsorption isotherm and it is given by the following equation ... (10) where, C is the concentration,  is the degree of surface coverage and K ads is the equilibrium constant for the process of adsorption. Figure 6 represents the Langmuir adsorption isotherm for binary systems with slopes of unity. From the intercept of the straight lines, K ads values are obtained and their values are given in Table 4 .
Large values of K ads indicate that there is a strong interaction between the phase boundaries of double layer and the adsorbed inhibitor mixtures, which results in better inhibition efficiency. The equilibrium constant of adsorption K ads is related to the standard free energy of adsorption (G°a ds o ads ΔG ) by:
... (11) The value 55.5 in the equation is the molar concentration of water molecules at electrode/ electrolyte interface. The standard free energy of adsorption (G°a ds ) can be calculated by using the above equation. The negative values of ensure the spontaneity of the adsorption process and stability of the adsorbed layer on the steel surface (Table 4) . Generally, values of G o ads up to 20 kJ mol -1 are consistent with electrostatic interactions between the charged molecules and the metal (physisorption) while those around 40 kJ mol -1 or higher are associated with chemisorption as a result of sharing or transfer of electrons from organic molecules to the metal surface to form a coordinate type of bond. In the present work, the values of G o ads obtained are less positive than 40 kJ mol -1 and more negative than 20 kJ mol -1 clearly indicate that the adsorption process is not merely physisorption or chemisorption but obeying a comprehensive adsorption (physisorption and chemisorption). Figure 7 shows the polarization curves for mild steel in 1 mol L -1 HCl with and without mixture A and B at 303 ± 1 K. The addition of mixtures into the acid solution affects both the anodic and cathodic curves to lower current densities, while corrosion potential (E corr ) is only slightly shifted. This implies that mixture A and B functions as a mixed-type inhibitor. The cathodic and anodic current potential curves are extrapolated to obtain the values of corrosion current (I corr ) and corrosion potential (E corr ). The electrochemical parameters I corr , E corr , anodic and cathodic Tafel slopes (b a , b c ) obtained from polarization data and listed in Table 5 .
Electrochemical measurements
It is evident from the table that I corr decreases considerably, indicating an inhibiting effect of the AI gum with metal cations. Also, there is no pronounced change observed in the anodic and cathodic Tafel slopes, suggesting that the inhibitors adsorbs onto the mild steel surface and prevent it from corrosion by blocking the active sites without altering the anodic and cathodic reaction mechanism 29 . The observed inhibition efficiency values obtained are in good agreement with those determined from weight loss measurements.
Synergistic effects are also revealed in the impedance spectra obtained for mild steel in 1 mol L -1 HCl in the presence of mixture A and B at 303 ± 1 K. The impedance spectra of the Nyquist plot are shown in Figure 8 . It describes a single, capacitivelike depressed semi-circle with their centres in the real axis and with their diameters increasing on the addition of mixture A and B to the corrosive medium. The single semicircle indicates that the corrosion process is charge transfer control from the mild steel to the corrosive medium through the electrochemical double layer. The real axis intercepts at high and low frequencies are bigger in the presence of mixture A and B, which means that the impedance of the mild steel in the inhibited solutions is greater than the uninhibited solution 30 . EIS data can be calculated by using equivalent electric circuit model, which is depicted in Figure 9 , which includes the solution resistance R s and the double layer capacitance C dl which is placed in parallel to the charge transfer resistance R ct. The R ct values were calculated from the difference in impedance at low and high frequencies 31 . The value of R ct is a measure of electron transfer across the surface and inversely proportional to corrosion rate. Double layer capacitance (C dl ) was obtained from the impedance measurements by using equation (12) ... (12) where, f max is the frequency value at which the imaginary component of the impedance is maximum. The values of R ct , C dl and inhibition efficiency for mild steel in 1 mol L -1 HCl for mixture A and B are given in Table 6 .
It is important to note that by the addition of mixture A and B to the corrosive medium brings as increase in the R ct values and a decrease in C dl values with increase in the percentage of inhibition efficiency. The decrease in C dl values are due to the replacement of water molecules by the adsorption of inhibitor mixture, resulting in the formation of protective film on the mild steel surface and decrease the corrosion rate 32 .
FT-IR spectra
FT-IR spectrum of pure AI gum is shown in Figure 10 (a). The characteristic bands in the region between 3317 cm -1 -3618 cm -1 are assigned to the -OH stretching vibration and another peak at 1658 cm -1 is due to bending mode of water molecules 33 . The -C=O stretching frequency is seen at 1705 cm , giving a stable chelate. The simultaneous interaction of metal cations with AI gum, make it horizontally oriented at the mild steel surface, which led to increase the surface coverage, resulting in increase in the inhibition efficiency.
To verify the stability of the protective layer formed by AI gum-metal cations at higher temperatures, FT-IR spectrum of mild steel in 1 mol L -1 HCl in the presence of mixture B at 348± 1 K was recorded (Figure 10(e) ). On comparing this spectrum with Figure 10 (d) , the characteristic stretching frequency of bending mode of water molecules doesn't experiences a change when temperature increases. The -COO -anions peak is shifted towards lower side of 1504 cm -1 .It indicates that at higher temperatures more Ni 2+ cations co-ordinated with -COO -anions of AI gum, makes the protective film more stronger.
Thus, it is evident from FT-IR studies that the protective film formed on the mild steel surface did not show any significant change during higher temperature (348 ± 1 K), forms a evidence for a distinctive comprehensive adsorption mechanism followed by mixture A and B.
CONCLUSION
Synergistic effect between AI gum and metal cations have been observed from the weight loss measurements and acting as an effective inhibitor for the corrosion of mild steel in 1 mol L -1 HCl. The synergistic influence of Ni 2+ cation in AI gum is more pronounced than Zn 2+ ion. Increase in temperature causes increase in inhibition efficiency for both the mixture. Additionally, the decrease in apparent activation energy in the mixture A and B supports the chemical mode of adsorption of inhibitors on the mild steel surface. It obeys Langmuir adsorption isotherm. According to the G°a ds values, spontaneous and comprehensive adsorption of inhibitor mixtures is suggested to occur on the mild steel surface. A mixedinhibition mechanism is proposed from the potentiodymanic polarization studies. It can also be concluded from FT-IR studies, the metal cations are preferentially adsorbed on the mild steel surface by columbic attraction where -COO -anions of the AI gum is already chemisorbed and suppresses the corrosion rate by the stabilization of adsorbed anion and by increase in inhibition efficiency
